INTRODUCTION
In 2009 we reported the case of a 16-year-old girl suffering extreme developmental delay associated with multiple organ system dysfunctions. 1 These included structural and functional defects of her nervous, gastrointestinal, respiratory, cardiac, and musculoskeletal systems. Most striking was her immature facies, which was that of a toddler rather than a teenager ( Figure 1 , top left picture). Because of dysmorphic features and her unusually juvenile appearance, associated with multiple congenital anomalies (MCA), her pediatrician felt that the condition had a genetic basis. However, in karyotyping and array chromosome genomic hybridization analysis, she appeared to have the genome of a normal female. Owing to the absence of published reports on similar conditions, her pediatrician felt that her condition was unique and unknown, so he called it "syndrome X." Subsequently, based on her poorly integrated and significantly slow rate of somatic remodeling during childhood, we proposed that gene(s) affecting the development/aging continuum were mutated. If so, such mutation(s) might be identified by DNA sequencing and thereby provide a better understanding of genetic factors contributing to human development and aging. 1,2 However, she died from complications of tracheomalacia before we could sequence her genome. We have since been contacted by many families seeking information about their children experiencing developmental delay, as a result of the press coverage of the first case. While most of these cases were unlike the index patient, seven families presented with children having similar congenital anomalies and all displayed neoteny. In this report we describe, both clinically and genetically, this novel syndrome, and we formally name it the neotenic complex syndrome (NCS).
MATERIALS AND METHODS
Subjects in this study were not recruited through advertisement nor offered any monetary compensation or material incentive to participate. All families contacted us asking to participate in the study after viewing one or more of the media documentaries or articles about "syndrome X." Those whose children met the inclusion criteria (Table 1) for the study signed BGI institutional review board-approved informed-consent documents, pursuant to current regulations governing human subject research.
Fourteen of 21 suspected NCS children did not meet the inclusion criteria because they exhibited growth problems of known etiology or did not present with neoteny. However, seven suspected cases met the inclusion criteria and presented no evidence of chromosomal abnormalities according to a karyotype and/or array chromosome genomic hybridization analysis (Supplementary Table S1 online). We consider these seven female subjects as representing "pure" cases of NCS (Figure 1 ).
The families of these seven subjects provided copies of medical records accumulated over the course of their children's lives. These, along with personal experiences conveyed during interviews, were carefully reviewed and compared with those of the index patient to determine whether they displayed comparable clinical profiles. Once a relatively confident clinical diagnosis of NCS had been established, blood was collected from the six subjects whose families agreed to undergo genetic analyses Index patient #8 #3 #29 #39 #40 #36 #44 Figure 1 Physical appearance of girls diagnosed with neotenic complex syndrome. Chronological ages at the time of these photos from top left to bottom right are 16, 6, 3, 10, 4,13, 23, and 18 years, respectively. The family of subject #44 chose not to provide material for genetic analysis. Consent to publish photographs was obtained from the family of each subject. The first two criteria were required. All subjects met most of the remaining criteria, although differing in severity.
and from as many of each subject's direct bloodline relatives as possible (Supplementary 
RESULTS

Clinical characteristics
The defining physical characteristic of those affected with NCS is their retention of juvenile phenotypes, so that they present a biologically younger appearance than that corresponding to chronological age ( Figure 1 ). Of course, this trait is not evident at birth, but it can be detected as early as 3 years of age, becoming more obvious with the passage of time.
However, in addition to neoteny, there is a spectrum of developmental disorders that precede its emergence and are apparent at birth. A composite description of the most common NCS attributes as well as tables listing phenotypes can be found in the Supplementary Materials and Supplementary Table S3 .
Whole-genome sequence analysis of patients
The genome of each patient whose family consented to analysis, and her unaffected siblings (Supplementary Table S2 ), was sequenced to a depth of 50 × and 100 × by Complete Genomics' standard (STD) 3 and long fragment read (LFR) 4 technologies, respectively. This enabled high call rates across the genome and exome (Supplementary Table S4 ).
Using read coverage we confirmed the clinical labs' reports that no large chromosomal amplifications or deletions existed in these patients (Supplementary Figure S1) . Copy-number variations (CNVs) and structural variations (SVs) were also analyzed using read coverage and unexpected mate-pair mappings, respectively (Supplementary Tables S5-8 Table S4 , row 41). These numbers were similar to those found in previous studies [3] [4] [5] and did not suggest anything unusual about the genomes of NCS patients or their families. LFR data enabled over 99% of heterozygous SNPs to be placed into long phased contigs with an average N50 of 1.27 Mb (Supplementary Table S9 ). Comparing variant calls between LFR and standard libraries and parent-child trios demonstrated over 96% concordance, suggesting that the sequence data quality for these samples is very high (Supplementary Figure S2) .
Based on interviews with the families of NCS patients it was determined that a recent history of this syndrome does not exist in any of the families (two families had an extended family member with Down syndrome, but it is not clear how this would be associated with NCS). As such, the expected cause of NCS would be through DNM. In order to detect DNMs, only positions that were called with high confidence and identified as matching the reference genome in both parents were evaluated (Methods section of Supplementary Materials). Candidate DNMs were further filtered by removing those found in 1KG, 5 the Wellderly Project, 6 and 200 LFR genomes from the Personal Genome Project (PGP) 7 databases. We discovered~76 DNMs per patient and~82 per sibling and found approximately 0.8 coding DNMs per subject and 1.1 per sibling (Supplementary Tables S10 and S11). All coding DNMs were confirmed by Sanger sequencing (Methods section of the Supplementary Materials and Supplementary Figures S3 and S4 ). Based on these data, patients did not have a higher burden of DNMs than their siblings and the difference in coding DNMs between siblings and subjects was found to be insignificant (Supplementary Table S12 ). Using LFR allowed the determination of the parent of origin for most DNMs. Plotting the total number of phased DNMs for each parent versus parental age at birth (Supplementary Figure S5 ) resulted in the expected pattern of approximately one additional DNM per paternal year of age, but a much smaller increase in DNMs per maternal year of age. 8, 9 This approximate pattern was observed for both patients and unaffected siblings.
Comparing the genes with coding DNMs in patients to those in their siblings revealed several important differences ( Table 2) . In patients, genes with coding DNMs were found to be highly constrained, 10 that is, intolerant to variation based on data from over 100,000 disease free individuals (exome aggregation consortium database, ExAC 11 ), with an average missense Z-score of 4.46 and a probability of loss of function intolerance (pLI) of 0.96. A missense z-score above 3.09 10 and a pLI score greater than 0.9 11 are considered to show significant constraint. By comparison the genes affected by DNMs in the siblings had a much lower average missense z-score and pLI of 1.30 and 0.41, respectively ( Figure 2 ). For both scores this difference between subjects and unaffected siblings was statistically significant (missense z-score P = 0.0374 and pLI P = 0.0165) based on a t-test. Genes with DNMs in the patients fell into similar functional categories of histone modification and gene expression, whereas those in the siblings were more broadly distributed across different categories ( Table 2 ). In addition, three genes (DDX3X, TLK2, and HDAC8) with DNMs in our patients were shared with genes found in databases of individuals with intellectual disability and developmental delay (ID/DD) 12 and autism spectrum disorder (ASD), 13 and an additional gene with a DNM found in patient #8 (TMEM63B) was recently identified in a large mouse knockout study 14 as likely to result in disease in humans. In the siblings, only one gene with a DNM (CACNA1D) was associated with any diseases ( Table 2) . Examination of inactivation of the other allele of these genes through an inherited variant (coding or noncoding, Supplementary Table S13), imprinting (Supplementary Table S14), or CNV or SV (Supplementary  Table S15 ), did not result in any significant findings. Given the high constraint scores of these genes, this is not surprising as loss of function of both alleles in highly constrained genes is likely to be embryonic lethal. However, because the DNMs in these genes are missense, a dominant mechanism of action cannot be ruled out.
DNMs in noncoding regions annotated as functionally important for gene expression and regulation from GREAT 15 and Regulome 16 DBs were also examined. No strongly damaging regulatory variants, as determined by Combined Annotation Dependent Depletion scores 17 in these regions were identified; however, in subject #40 a DNM was discovered within a glycine tRNA gene on chromosome 19 (Supplementary Table S10 ). This DNM occurs in the anticodon stem of the tRNA and would be expected to destabilize the stem structure. 18 Finally, we examined the mitochondrial sequence of each patient, sibling, and mother for potentially damaging DNMs. In one subject (#39) we found a single base change from a G to an A at position 5540 in the mitochondrial tryptophan tRNA gene in approximately 10% of reads from both LFR and STD libraries. Like the DNM found in subject #40, this variant is predicted to destabilize the anticodon stem of the tRNA.
The majority of genes identified with DNMs in NCS patients have previously been found to harbor DNMs in patients with syndromes other than NCS, suggesting that an inherited genetic background risk for developing NCS could exist. To determine whether there was some recent shared ancestry between NCS patients, a PLINK 19 analysis was performed across all parental genomes and genotype data from 1,397 individuals from the HapMap 3 project. 20 This analysis found no more factors denoting relationship between the families of NCS patients than there were between Genes affected by de novo mutations. Figure 2 The pLI (probability of loss of function intolerance) and missense z-score of genes affected by de novo mutations (DNMs) in subjects and siblings. The pLI (a) and missense z-scores (b) were plotted for subjects (red circles) and siblings (blue circles) for all genes affected with DNMs in this study. Jitter was used to separate overlapping data points. The average of each score for subjects and siblings is represented by the horizontal black line in each plot. The difference in scores between subjects and siblings was found to be statistically significant using a t-test. Figure S6) . In addition, the mitochondrial and Y chromosome haplogroups of all NCS families were determined, and none are shared between families (Supplementary Table S2 ). These data, taken together, suggest that a recent common ancestor of NCS patients does not exist; however, small tracts of DNA (haplotypes) could still be shared between NCS families. LFR enabled the haplotyping of most regions across the genomes of NCS patients and siblings. Comparing the LFR haplotypes of NCS patients to those of 200 healthy volunteers from the PGP allowed for the filtering of most commonly shared haplotypes from each NCS genome and enabled the discovery of a small region (~150 kb) on chromosome X with a rare haplotype found only in patients #8 and #40 (Supplementary Table S16 ). There are no genes within this region, but it appears to have several regulatory sequences, as evidenced by histone acetylation and DNase I hypersensitivity sites determined as part of the Encyclopedia of DNA Elements (ENCODE) project. 21 In addition, there are several genes (AP1S2, MRX59, MRXSF, MRXS21, MRXS5, PGS) near this region with variants associated with mental retardation. 22 This haplotype is also shared with the sister of patient #40 (individual #43) and was inherited from healthy parents for both patients, suggesting that the region alone is not causative, but could contribute to their condition. We also explored the possibility of inherited causative variants shared between families. Our small sample size limited our ability to associate common variants with NCS. Instead, we focused on variants found in 1% or fewer of the subjects from the 1KG and Wellderly studies. Using this criterion did not result in any coding or noncoding variants being found in more than two subjects in or near genes with high pLI or missense z-scores. In addition, we performed pathway analyses in an attempt to identify variants in genes or networks common to these patients, but this did not result in any significant findings when compared to the genomes of the PGP (Supplementary Table S17 ). Other than a rare haplotype found in two patients, there appears to be no obvious shared genetic background in the families of NCS patients. However, there could be inherited variations, not shared between NCS families, which increase the risk of developing NCS, when combined with DNMs in specific genes. In order to find recessive risk factors of this type, we examined both alleles of a gene for variants acting in a homozygous or compound heterozygous mechanism of inactivation (Supplementary Table S13 ). We also examined variants found in imprinted regions of the genome (Supplementary Table S14 ) and in regions with loss of one allele from CNVs/SVs in that region (Supplementary Table  S15 ). These lists contained some interesting genes found in ID/DD and ASD databases. However, for the most part, genes with truncating variants had low pLI scores and those genes found to have detrimental missense variants tended to have low missense z-scores, making it difficult to associate any of these with NCS. We also compared the average number of rare variants found in NCS subjects in different gene groups and different MAFs with the average found in the unaffected NCS family members and in the set of 1KG samples sequenced by Complete Genomics using the same technology and analysis pipeline as used for our NCS samples ( Figure 3 and Supplementary Table S18). While there are significantly more rare variants with MAF less than or equal to 0.001 in the NCS patients in high missense z-score genes, there is also a larger number of total variants in NCS patients at this MAF. For the most part there were more rare variants in the NCS patients than there were unaffected family members, but this reached statistical significance in only 3 of the 40 comparisons (Supplementary Table S19 ). To further explore if these results were meaningful, we randomly selected 20 sets of six samples from each ethnicity and then compared them as if they were NCS patients. For the MAF of 0.001, we found that approximately 9% of the time a random sampling of six samples could result in a significantly higher number of variants in comparison with at least one ethnic group. However, when we restricted the comparison to only genes with a missense z-score of 3.09 or greater, the proportion of significant comparisons dropped to 5%, of which almost all were from the Yoruban group. Finally, when we restricted the comparison to only genes associated with ID/DD with a missense z-score of 3.09 or greater, the proportion of significant comparisons dropped to only 0.6%, of which all were from the Yoruban group (Supplementary Table S19) .
HapMap 3 samples (Supplementary
Finally, we closely investigated the regions of the genome we were unable to confidently call in each sample and determined how many genes in the ID/DD database were not well covered (Supplementary Tables S20 and S21). We also examined the average pLI and missense Z-scores for all of the genes in which 10% or more of the exons were not covered (Supplementary Table S22 ). These scores averaged 0.29 and 1.11 respectively, suggesting that regions of low coverage in our genomic data were not enriched for these types of genes.
DISCUSSION
Owing to the profoundly juvenile characteristics of NCS patients, we initially proposed that they harbored mutations in one or more genes controlling the rate of aging. 1, 2 In this study, our clinical and genetic findings help clarify that the neotenic features seen in NCS patients are caused by changes in development and should be differentiated from slowed aging and extended healthy life span, which are caused mostly by reducing damage to cell components and improving tissue maintenance. We did not identify a single genetic cause for NCS, but instead we discovered DNMs in five different genes in five of the six patients whose genomes were analyzed. These genes are highly intolerant of variation in the human genome. Given the small sample size of our study, however, these DNMs cannot be conclusively linked to NCS. We also observed a few small (o15 kb) de novo SVs in the genomes of each NCS patient, but it is unclear whether these SVs disrupt any important genes, as none of them overlapped with coding sequence. We were Figure 3 Rare variant burden analysis. The average numbers of rare variants were determined for all NCS subjects, their families, and various ethnic groups from the 1,000 Genomes Project (1KG). Rare variant minor allele frequencies (MAFs) of 0.001, 0.005, 0.01, and 0.05 were examined. The averages were calculated for (a) all genes in the genome, (b) every gene with a missense z-score of 3.09 or greater, (c) every gene found in a large intellectual disability and developmental delay database 12 with a missense z-score of 3.09 or greater, and (d) every gene found in a large autism spectrum disorder database 13 with a missense z-score of 3.09 or greater. Stars over columns denote P values less than 0.05, suggesting a statistically significant difference between the average number of variants in the comparison group and those in the neotenic complex syndrome (NCS) samples as determined by a t-test. The complete list of comparisons can be found in Supplementary Table S19. unable to identify any inherited small variants or SV/CNVs that appeared to contribute to this syndrome and were shared between our patients. However, we did find that inherited rare and family-specific single nucleotide variants in highly constrained genes in each family and found an excess of these variants (less than or equal to 0.001 MAF) in genes associated with ID/DD and ASD, compared to control samples. This difference was significant from different ethnic groups sequenced with the same technology; but that could be due to the small number of control samples in our study. Random sampling of each ethnic group and performance of the same analysis as was carried out on NCS samples lends support to the notion that these results could be significant, but more NCS samples and controls are needed to confirm this. We also observed a larger number of rare variants of all categories in the NCS patients than in their healthy family members; however, this result was significant in only a few comparisons. Finally, although there may be rare variants that contribute to NCS, we are unable to identify any specific variants as causative.
While each gene with a DNM differed between NCS patients, there were similarities in their functions. Most of the genes were involved in transcription regulation, primarily through histone modification. There are numerous examples in the literature of serious diseases, many with growth and neurological consequences, which are the result of mutations in genes that modulate chromatin structure; 23 and recent large-scale studies of ASD 24, 25 and ID/DD 12 have found similar groups of genes affected by DNMs. Interestingly, DNMs in one of these genes, DDX3X, have been found to be responsible for the majority of severe ID/DD 12, 26 in females, and our patient had the same mutation as individual #37 in the study by Snijders Blok et al. 26 Like our patients, this particular individual has severe intellectual disability, low weight, and microcephaly, but, given the reported phenotypes, it is not clear whether this is an additional case of NCS. The other 37 individuals in that study had a wide range and varying severity of phenotypes, even though each of them was found to harbor a DNM in only one allele of DDX3X. From the available phenotypic information we were not able to confirm any additional NCS cases in the study by Snijders Blok, further suggesting that NCS is very rare. A DNM in TLK2 was also discovered in one of our patients and has recently been described in several individuals with ID/DD, 27 ASD, 24, 28 and schizophrenia. 29 We also identified a patient with a DNM in HDAC8. De novo mutations in this gene were recently described as causing a small proportion of cases of Cornelia de Lange syndrome (CdLS). 30 One of our patients was found to have a DNM in TMEM63B, and a recent mouse knockout study 14 suggested that mutations in this gene could be a potential source of human disease. In addition, one NCS patient harbored a single DNM in the mitochondrial genome, at a highly conserved position, that is expected to disrupt the anticodon stem of the tryptophan tRNA. This DNM was found previously in an individual with encephalomyopathy. 31 Because we sequenced only the blood of each patient it is not clear how prevalent this mutation is in other parts of the body or how much this mutation will contribute to the phenotypes seen in these NCS patients. Finally, within the gene CCDC101, exactly the same DNM as in patient #36 was found in the ExAC database in three healthy individuals. Taken together, these findings suggest that these DNMs alone are probably not sufficient to cause NCS.
While NCS shares some phenotypes with the syndromes associated with DNMs in some of the genes identified in our study, the most important, neoteny, has not been described in other syndromes in the same detail as NCS. Our results agree with recent studies in ASD 24, 25 and ID/DD 12, 27 showing that DNMs in the same genes can result in entirely different neurological and developmental phenotypes in different patients. The cause of this phenomenon is unclear, but could be specific mutations in each gene, differential expression of the remaining unaffected allele, each individual's inherited genetic background, environmental factors, somatic mutations in other unanalyzed tissues, or some combination of all of these. Although we did not identify any other pathogenic variants, it is possible that NCS could result from multiple overlapping genetic diseases caused by inherited or de novo variations, such as have been seen in recent studies. 32 It is also important to note that, even though we used two different methods to make sequencing libraries for each patient, it is possible we missed inherited or de novo variations that could contribute to NCS. In addition, there are noncoding de novo and inherited variations whose effects are currently beyond our understanding and could also contribute to this syndrome.
In two patients we identified a shared rare haplotype on chromosome X. This haplotype was not found in the genomes of 184 healthy participants of the PGP 7 and appears to be extremely rare. It is located in a region with many important developmental genes, although we did not identify any obvious coding or regulatory variants within this haplotype. As it was inherited from a healthy parent in each case, and was shared with the healthy sister of one patient, it is clearly not sufficient to cause NCS, but it is a potentially intriguing risk factor.
We have so far identified NCS only in females. Perhaps it is by chance alone, since the number of confirmed individuals in our study is small. Both DDX3X and HDAC8 are found on the X chromosome and have high constraint scores, making it likely that loss, if these mutations are inactivating, of the single copy in males is lethal. Another possibility is that while certain neotenous traits, such as curiosity and plasticity of behavior, are shared equally between the sexes, human females are more pedomorphic in physical appearance than males. Thus, there may be a genetic tendency towards neoteny in females, which is amplified through mutation in these patients.
Finally, syndrome X is the historic name for metabolic syndrome, which is a group of risk factors that predispose to diabetes and heart disease. We propose that the multiple congenital anomalies described herein be called neotenic complex syndrome (NCS). This name is consistent with recent trends toward describing medical conditions by symptoms rather than eponyms, and neoteny, which is associated with a specific complex of developmental disorders, is the syndrome's most diagnostic criterion.
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